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CentromereAbility to reproduce is one of the hallmark features of all life forms by which new organisms are produced
from their progenitors. During this process each cell duplicates its genome and passes a copy of its genome
to the daughter cells along with the cellular matrix. Unlike bacteria, in eukaryotes there is a deﬁnite time
gap between when the genome is duplicated and when it is physically separated. Therefore, for precise halv-
ing of the duplicated genome into two, it is required that each pair of duplicated chromosomes, termed sister
chromatids, should be paired together in a binary fashion from the moment they are generated. This pairing
function between the duplicated genome is primarily provided by a multimeric protein complex, called
cohesin. Thus, genome integrity largely depends on cohesin as it ensures faithful chromosome segregation
by holding the sister chromatids glued together from S phase to anaphase. In this review, we have discussed
the life cycle of cohesin during both mitotic and meiotic cell divisions including the structure and architecture
of cohesin complex, relevance of cohesin associated proteins, mechanism of cohesin loading onto the chro-
matin, cohesion establishment and the mechanism of cohesin disassembly during anaphase to separate the
sister chromatids. We have also focused on the role of posttranslational modiﬁcations in cohesin biology.
For better understanding of the complexity of the cohesin regulatory network to the readers, we have pres-
ented an interactome proﬁling of cohesin core subunits in budding yeast during mitosis and meiosis.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Mitosis and meiosis are the eukaryotic cell division processes,
either of which takes place for the generation of daughter cells of
equal or half the ploidy levels, respectively of the progenitor mother
cell. During these cell division processes, chromosomes, following
DNA replication, align at a position equidistant from the two spindle
poles following their bi-polar attachment to the microtubules ema-
nating from those spindle poles. The segregation of the chromosomes
is then achieved due to the pulling forces exerted by the microtubules
(spindles). In eukaryotic cell division replication of DNA and segre-
gation of chromosomes are temporally separated. Therefore, it is ex-
tremely essential to keep the sister chromatids together from the
time of their generation during S phase till the time they split asunder
during metaphase to anaphase transition. The molecular glue which
keeps the sister chromatids together from S phase to metaphase to
anaphase transition is known as “cohesin”, a multiprotein complex,
which is believed to entrap the sister chromatids in its tri-partite
ring structure [1]. The spatiotemporal regulation of the association
and dissociation of the cohesin complex to and from the sister chro-
matids, respectively is instrumental in faithful segregation of the: +91 22 2576 4770.
).
l rights reserved.sister chromatids during both mitosis and meiosis. Therefore, in this
review, we wish to accommodate literature from various studies on
how cohesin interacts with the chromatin and generates sister chro-
matid cohesion (SCC) and how it dissociates timely to pave the way
for faithful segregation of genome from one generation to the next.
The cohesin complex plays a fundamental role in holding sister
chromatids together during mitosis and meiosis across eukaryotes.
Apart from this canonical role during cell division, recent develop-
ments in the ﬁeld have shown the role of cohesin in many other cell
division-independent cellular processes like transcriptional regula-
tion, DNA repair, chromosome condensation which are discussed
elsewhere [2–7]. Any discrepancies in the functions of cohesin result
either in aneuploidy leading to tumorigenesis, spontaneous miscar-
riages, still birth, Down's syndrome or in severe developmental de-
fects like Cornelia de Lange Syndrome, Roberts syndrome or Warsaw
Breakage Syndrome. Recently, the importance of cohesin function
to human health has been acknowledged by coining a term, called
“Cohesinopathies” to describe the effect of mutation in cohesin ma-
chineries in human (reviewed in [8,9]; [10]).
Few decades earlier when several research groups were trying
to address the mechanism of SCC, two views emerged. One, cohesion
may be generated through active participation of some protein fac-
tors. Second, cohesion may be a legacy of DNA replication automati-
cally formed due to catenation of the sister chromatids with each
other [11] (reviewed in [12]). The latter one needs the action of topo-
isomerase to resolve the intertwined sister chromatids for their
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that catenations can indeed mediate some cohesion between sister
chromatids in the absence of topoisomerase activity [14,15]. Howev-
er, identiﬁcation of several proteins involved directly in generation of
SCC has highlighted ﬁrmly that the act of cohesion is primarily pro-
tein mediated [16–18].
Over the last two decades, advancements in the ﬁeld of molecular
biology, cell biology and computational biology along with the aid
of sophisticated biochemical and microscopic techniques have suc-
cessfully surmounted the limitations of visualizing the chromosomes,
centromeres, cellular organelles and proteins even for organisms like
yeasts with very small neuclei. As a result, a drastic enrichment in the
information regarding chromosome biology has been observed in the
past few years and the wealth of information is getting almost
doubled in every few years. Thus it has become prerogative to review
such a vibrant ﬁeld at a regular intervals. In this review, we have dis-
cussed the life cycle of cohesin in the context of its timely regulated
loading on the chromatin, establishment of cohesion, the mechanism
of holding sister chromatids, its maintenance and dissociation from
chromosomes during mitosis and meiosis, with special emphasis on
Saccharomyces cerevisiae. Occasionally, we have compared budding
yeast cohesin/cohesion mechanism with that in other model eukary-
otes. To understand the complexity of the cohesin regulatory network
during mitosis and meiosis, we have provided a manually curated
interactome table (Table 1) for all the four core subunits of cohesin
(Smc1, Smc3, Mcd1 (Rec8) and Irr1) in budding yeast based on the
available literature retrieved from BioGrid3.1. It has also been noted
that posttranslational modiﬁcations (PTMs) of cohesin and its related
proteins play an important role in regulation of cohesin functions in
different organisms and within the same organism in different cell
types. We have accommodated all different types of PTMs of cohesin
and its associated proteins found in different organisms with respect
to their function in a compiled table (Table 2). At the end, we have
presented evidence of cohesin like proteins in bacteria to emphasize
that proteins involved in tying up different chromosomal locales
may be a generalized adopted theme. We also encourage readers to
refer to the recent reviews published elsewhere for further under-
standing the biology of cohesin [19–21].
2. Architecture of the cohesin core complex and its
associated proteins
Cohesin complex comprises of four core subunits which are con-
served from yeast to mammals. In budding yeast, mitotic cohesin
complex comprises of four subunits: Smc1, Smc3, Scc1/Mcd1 and
Scc3 whereas in meiotic cohesin complex Scc1 is replaced with Rec8
(Fig. 1A) (reviewed in [21,22]). The structural organization of individ-
ual components within the cohesin complex has been well charac-
terized in budding yeast [23,24]. The cohesin complex also shows
structural resemblance with cohesin from other species on the basis
of the sequence conservation among the subunits, biochemical and
electron microscopic observations [25–27]. Out of the four subunits,
Smc1 and Smc3 are the members of the “structural maintenance of
chromosomes” (SMC) family which are large ATPases with an unusual
domain organization [16,28]. During the folding process, the N‐ and C‐
termini of the individual polypeptide chains of SMC proteins come
close to each other upon bending on the central ‘hinge’ domain for-
ming a globular ATPase ‘head’ domain. This folding generates 40 nm
long anti-parallel coiled-coil structures (Fig. 1A) [23,29,30]. The
hinge domains of Smc1 and Smc3 remain tightly associated with
each other whereas the ATPase heads of both the proteins are physi-
cally connected by the Scc1/Mcd1/Rad21 subunit [23] to complete a
tripartite ring structure. Scc1/Mcd1/Rad21 is a member of ‘kleisin’
(Greek word for ‘closure’) family of proteins as it bridges the ATPase
head domains of Smc1 and Smc3 subunits [31]. The N terminus of
Scc1/Mcd1/Rad21 binds to the ATPase domain of Smc3 whereas theC‐terminus binds to the ATPase domain of Smc1. Thus, Smc1 and
Smc3 bind to each other at one end via their hinge domains and at
the other end with the help of Scc1/Mcd1/Rad21 via their ATPase
domains to form the ring like structure with an outer diameter of
∼40 nm [23]. This organization of cohesin subunits has been well
supported by electron microscopic data of puriﬁed vertebrate cohesin
complexes [27] and by crystal structures of subcomplexes of cohesin
or related SMC complexes [23,24]. ATP binding to the ATPase heads
of Smc1 and Smc3 is essential for association of Scc1/Mcd1/Rad21
with the Smc1 and Smc3 heterodimer [32,33]. The fourth subunit of
core cohesin complex, Scc3, is associated with Scc1 [34]. The sequence
of this subunit contains HEAT repeats, responsible for protein–protein
interactions [35]. The structural/functional roles of Scc3 and its
HEAT repeats remain poorly understood till date. In vertebrate so-
matic cells, two closely related Scc3 homologs are present, known as
stromalin antigens 1 and 2 (SA1 and SA2). These cells contain cohesin
complex having either of these two Scc3 homologs, but never both at a
time (Fig. 1B) [26,36]. In the same cells, cohesin SA2 is about threefold
more enriched than cohesin SA1, whereas in Xenopus eggs, cohesin
SA1 is about ten timesmore abundant than cohesin SA2. The function-
al difference between cohesin SA1 and cohesin SA2 was recently
addressed by Losada and colleagues. They have reported that SA1 con-
taining cohesin complex is involved in gene regulation and replication
of telomereswhereas SA2 containing cohesin is mainly responsible for
sister chromatid cohesion [37,38].
It has been observed in many organisms that meiotic cohesin com-
plex is different from the mitotic cohesin complex. In meiosis, the mi-
totic kleisin subunit Scc1/Mcd1/Rad21 is substituted by a meiosis-
speciﬁc paralog called Rec8 [17,39]. The biological signiﬁcance of this
substitution is as follows. In mitosis all the cohesin, at least in budding
yeast, is removed from the chromatin in one step duringmetaphase to
anaphase transition by the proteolytic cleavage of its Scc1 subunit by a
protease called separase. However, in meiosis, cohesin removal from
the chromosomes takes place in a step wise manner. During meta-
phase I to anaphase I transition, only Rec8 subunit of arm cohesin is
cleaved by separase but that of centromeric and pericentromeric
cohesin remains protected which becomes degraded by the same sep-
arase during metaphase II to anaphase II transition. This stepwise
removal of cohesin depends on Rec8 but not on Scc1/Mcd1/Rad21.
Rec8 orthologs have been subsequently discovered and characterized
in many species [40] (reviewed in [41]), including Drosophila, where a
Rec8-related protein C(2)M also expresses during meiosis [42]. How-
ever, it is yet to be clariﬁed whether C(2)M has a similar role as Rec8,
since C(2)M inactivation causes less severe defects in Drosophila ga-
metogenesis than Rec8 deletion in yeast meiotic cells. This could be
due to the fact that Drosophila, like many other organisms including
mammals, also expresses Scc1/Mcd1/Rad21 at low levels in meiosis
(reviewed in [43]) and partial functional redundancy may exist
between C(2)M and Scc1/Mcd1/Rad21. Interestingly, it has been
shown that even more distantly related proteins might functionally
replace Rec8. For example, ORD protein from Drosophila, which is
functionally more similar to Rec8 than C(2)M, but differs in sequence
from kleisins or Rec8 [44–46]. Other cohesin core subunits also pos-
sess their meiotic isoforms. In mammals, Smc1β and STAG3 replace
Smc1 and SA1/SA2, respectively [47–50] and in ﬁssion yeast Scc3
ortholog Psc3 exists along with a related protein, named Rec11 in
the meiotic cells [51]. Recently a new mammalian cohesin subunit,
Rad21-like protein (Rad21L) has been identiﬁed in mouse which has
a sequence similarity both with Rad21 and Rec8 [52,53]. During
early meiotic prophase, Rad21L localizes along axial elements or later-
al elements of the synoptonemal complex in a way which is mutually
exclusive of the manner of Rec8 deposition on not-yet-synapsed
homologs, implying that Rad21L may be involved in pairing of ho-
mologous chromosomes. Interesting, it has been demonstrated that
although majority of Rad21L is dissociated by the end of pachytene,
a small fraction still persists at the centromere till metaphase I
Table 1
Comprehensive interactome table for the cohesin subunits in budding yeast during mitosis and meiosis. This table shows the genetic (left column), physical (right column) and
genetic–physical (yellow region) interactors of cohesin subunits. The color code of the proteins represents the cohesin subunit(s) with which they interact. The border type of
each ellipse represents the type of study (high throughput/low throughput/high-low throughput) by which the respective interactions have been found. The protein interaction
data for the preparation of this table has been obtained from BioGRID 3.1. It is to be noted that the functional signiﬁcance for all the interactions shown is not known. Readers are
requested to visit BioGRID 3.1 for knowing the functional signiﬁcance of a particular interaction, if it is available.
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Table 2
Posttranslational modiﬁcations of proteins involved in cohesion pathway. This table depicts different types of PTMs observed in various proteins involved in cohesin assembly and disassembly pathway across several model organisms. The
probable biological functions of these PTMs are mentioned indicating the corresponding studies.
Sr no. Proteins Type of PTM Position Model system Modifying enzymes Probable function Reference
1 Smc3 Acetylation K113, K112 S. cerevisiae Eco1–Hos1⁎ Cohesion establishment [67,85,118–120,141]
2 Smc3 Sumoylation – S. cerevisiae Mms21 Proper distribution of cohesin on rDNA locus [181]
3 Smc3 Phosphorylation S1067, S1083 Human ATM DNA damage checkpoint [147,182]
4 Smc3 Acetylation K105, K106 Human ESCO1, ESCO2 Sister chromatid cohesion and maintenance of genomic stability [61,85]
5 Smc3 Acetylation – Mice ESCO2 Proper distribution of cohesin on chromosomes and for
centromeric cohesion establishment
[183]
6 Smc1 Sumoylation – S. cerevisiae Mms21 Proper distribution of cohesin on rDNA locus [181]
7 Smc1 Phosphorylation S957, S966 Human ATM DNA damage checkpoint [184,185]
8 Scc1/Mcd1 Acetylation K84, K210 S. cerevisiae Eco1 Antagonizes Wpl1p during DNA damage induced cohesion establishment [128]
9 Scc1/Mcd1 Phosphorylation S175, S183, S194, S263, S273,
S276, S325, S374, S389, S497
S. cerevisiae Cdc5/Polo–PP2A⁎ Phosphorylation by CDC5/polo like kinase required for efﬁcient
cleavage by Esp1.
[186,187]
Phosphorylation by Plk1 kinase in vertebrates is required for
prophase pathway of cohesin removel.
10 Scc1/Mcd1 Phosphorylation S83 S. cerevisiae Mec1 (ATR), Chk1 DNA damage induced cohesion establishment in G2/M [127]
11 Scc1 Sumoylation – Human Mms21 Unknown [188]
12 Scc1/Mcd1 Acetylation – S. cerevisiae Eco1 Unknown [113]
13 Rad21/Scc1 Phosphorylation – Human Plk1 (Polo Like Kinase) Cohesin removal during prophase pathway [144]
14 Scc1 Phosphorylation – Xenopus PLX1 Cohesin removal during prophase pathway [144]
15 Irr1/Scc3 Acetylation K13, 36, 78, 106, 224, 1071, 1086 S. cerevisiae Eco1 Cohesion establishment [113]
16 SA2 Sumoylation – Human Mms21 Unknown [188]
17 SA2 Phosphorylation – Human Plk1 (Polo Like Kinase) Cohesin removal during prophase pathway [144,147]
18 Rec8 Phosphorylation S136, T173, S179, S197, S199, S215,
S386, S387, S410, S465, S466
S. cerevisiae Cdc5/Polo, Casein Kinase,
Cdc7–Dbf4 kinase–PP2A⁎
Cleavage of Rec8 at anaphase I and II by Esp1 [171,189–191]
19 Eco1/Ctf7 Acetylation – S. cerevisiae Eco1 Autoacetylation [113]
20 Eco1/Ctf7 Phosphorylation – S. cerevisiae Cdk1 Promotes ubiquitin mediated destruction of Eco1/Ctf7 after S
phase to restrict cohesion establishment after S phase.
[122]
21 ESCO2 Ubiquitylation – Human – Ubiquitylation of ESCO2 may be a means of regulating a major
regulator of cohesin network
[192]
22 Pds5 Acetylation – S. cerevisiae Eco1 Cohesion establishment [113]
23 Pds5 Sumoylation – S. cerevisiae Ubc9/Nﬁ1–Smt4⁎ Dissolution of cohesion [66]
24 Pds1/Securin Phosphorylation S37, S71, S212, S213, S277,
S292, T304
S. cerevisiae Cdc28/Cdk1–Cdc14?⁎ Nuclear localization of Separase, Prevent degradation of securin
by inhibiting ubiquitylation
[193,194]
25 Pds1/Securin Ubiquitylation – S. cerevisiae,
Vertebrates
APC/Cdc20 Degrades securin to release separase for anaphase progression [195]
26 Sgo1 Phosphorylation S14, S507 Human NEK2A Chromosome congression in mitosis [196]
27 MEI-S332 Phosphorylation – Drosophila Polo kinase Dissociation of MEI-S332 (Sgo1 homolog) from centromeres [197]
28 Top2 Sumoylation – S. cerevisiae Ulp2/Smt4 Control chromosome cohesion at centromere [198]
29 Top2 Sumoylation – Xenopus SUMO-2 Role in regulation of chromosome cohesion/segregation [199,200]
30 Topo IIα Sumoylation – Mice RanBP2 Recruits topoisomerase II to centromere where decatenation is
required for anaphase segregation.
[201]
31 Top2 Sumoylation Lys660 Human PIAS Recruits topoisomerase II to speciﬁc location on chromosomes
where decatenation is required for anaphase segregation.
[202,203]
32 Sgo2 Phosphorylation T537, T620 Human Aurora B Recruits PP2A and MCAK to centromeres for protection of centromeric
cohesion and chromosome congression respectively.
[204]
33 Sororin Phosphorylation – Xenopus – Sororin gets inactivated at the onset of mitosis to relieve inhibition of
Wapl for the removal of cohesin during prophase pathway.
[61]
34 Separase Phosphorylation S112, T1346 Human, Mice – Inhibition of the separase activity to prevent the premature cleavage
of cohesin
[79,167,168]
⁎ Enzymes responsible for removing the modiﬁcation.
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Fig. 1. Architecture of cohesin complex with associated proteins in budding yeast and vertebrates during mitotic and meiotic cell cycles. A) In budding yeast, Pds5 associates with
Scc1/Mcd1 (or Rec8 in meiosis) and Scc3. Association of Eco1/Ctf7 with Pds5 promotes cohesive state of the cohesin ring whereas association of Wpl1/Rad61 with Pds5 promotes
dissolution of cohesin ring. B) In vertebrates, either Pds5A or Pds5B associates with SA1/SA2 (or STAG3 in meiosis) and Rad21 (or Rec8 in meiosis). Association of sororin and Esco1/
2 generates cohesive state of the ring whereas association of Wap1 with Pds5 dissociates sororin and Esco1/2 from Pds5 and releases cohesin from the chromatin during prophase.
1328 G.D. Mehta et al. / Biochimica et Biophysica Acta 1823 (2012) 1324–1342suggesting a yet unidentiﬁed additional role of this protein at the cen-
tromere [53].
3. Cohesin associated proteins
In addition to the above mentioned four core subunits of cohesin,
other proteins have been identiﬁedwhich are associatedwith cohesin.
Three of such proteins are described under this subsection whereas
the rest are categorized as cohesin loaders and cohesion establish-
ment factor and are discussed separately in detail under Sections 5
and 6, respectively as they are more widely studied and having rela-
tively more signiﬁcance in cohesin biology. The ﬁrst protein out of
three is Pds5, which contains numerous HEAT repeats, known to func-
tion as protein interaction domains in other proteins. The association
of Pds5 with tripartite ring (Smc1, Smc3 and Scc1) is weaker and
more salt sensitive than that of Scc3 [26,54,55] accounting Pds5 not
as a part of the core cohesin complex. In addition to its association
with core cohesin subunits, Pds5 also interacts with other cohesin as-
sociated proteins namely Wapl, Eco1, and sororin [26,56–59]. It has
been shown that interaction of Pds5 with Eco1 and sororin generates
a cohesive state of cohesin whereas a non-cohesive state of the same
is promoted when Pds5 associates with Wap1 [60,61]. Interestingly,
the cohesin associated proteins Wapl, Pds5A (vertebrate homolog)
and sororin are removed from the chromosomes in prophase along
with the arm cohesin in higher eukaryotes [26,56,57,59,62,63] in con-
trast to the situation in yeast where the bulk of the cohesin remains
bound to the chromosomes until metaphase and Pds5 persists till
cell cycle exit [64]. This suggests that in budding yeast, Pds5 is respon-
sible not only for the establishment of cohesion but also for its main-
tenance during mitosis. However, role of Pds5 in SCC varies between
species. Whereas Pds5 is essential for SCC in yeast, Drosophila and
worms, vertebrate Pds5 (Pds5A and Pds5B) are redundant for SCC
(reviewed in [65]). Apart from SCC, Pds5 has also a role in cohesin
disassembly which is presumably regulated through posttranslation-
al modiﬁcation of this protein. It has been demonstrated that the
sumoylation of Pds5, which starts from S phase and remains till mito-
sis (before telophase), is required for the dissolution of cohesion [66].
All these results suggest that Pds5 and its homologs have evolved in a
species speciﬁc way and are engaged in roles ranging from cohesin as-
sembly to disassembly.
In vertebrates, cohesin associateswith a protein calledWapl (Wings
apart-like protein) which is poorly conserved in fungi. However,
S. cerevisiae and S. pombe possess a distantly related protein to Wap1
which is known as Rad61 in budding yeast and Wpl1 in ﬁssion yeast[57]. The fact that Rad61/Wpl1 are the fungal orthologs of Wapl was
fueled by the ﬁndings that Rad61/Wpl1 associates with cohesin in
S. cerevisiae and S. pombe, respectively [67,68]. In vertebrates, the bind-
ing of Wapl to cohesin depends on the presence of Scc1 and SA1/SA2
[57]. Wapl mainly contributes to removal of the cohesin during pro-
phase pathway because inWapl depleted cells, removal of cohesin dur-
ing prophase is blocked and arm cohesion is stabilized [56,57]. No role
of Wapl has been observed in establishment of cohesion in vertebrates.
However, inactivation of Rad61 and Wapl showed mild cohesion de-
fects in budding yeast and Drosophila, speciﬁcally at the heterochroma-
tin region of Drosophila [69,70]. This may be due to subtle additional
role of this protein at the condensed loci of this organism. However,
Wpl1 in S. pombe, just like Wap1 in vertebrates, promotes cohesin
removal from the chromatin [71]. The role of Wapl in the context of
cohesion anti-establishment is discussed further in the later section
(Section 6) of this review.
Sororin, the third cohesin associated protein found in vertebrate
cells only, is dispensable for the association of cohesin with chroma-
tin but is essential for the establishment of SCC because it has been
shown that depletion of sororin from cultured human cells causes
severe cohesion defects in G2 phase, without reducing the overall
amount of the chromatin bound cohesin [72]. This pool of cohesin
may be loosely bound to the DNA incapable of providing cohesion.
Sororin interacts with chromatin bound cohesin during S phase and
functions for the establishment or maintenance of cohesion between
sister chromatids in G2 phase perhaps by converting loose interaction
to a more stable interaction between cohesin and the chromatin as it
has been shown that sororin depletion reduces the subpopulation
of cohesin that is stably bound to DNA. Consequently, depletion of
sororin from cultured human cells causes severe defects in DSB repair
presumably due to lack of SCC [72]. Additionally, it has also been pro-
posed that sororin functions speciﬁcally in mitosis to protect cohesin
from precocious dissociation from DNA [73]. From the above obser-
vations it can be surmised that sororin might have roles both in cohe-
sion establishment andmaintenance. In concordance with this, recent
analysis of deletion alleles of sororin has revealed that the conserved
C-terminus motif of sororin is required for SCC [74]. The ability of
sororin to bind to chromatin is separable from its role in SCC and its
interaction with cohesin complex. The mutant derivatives of C-
terminus of sororin that retain their chromatin binding property fail
to rescue the loss of cohesion phenotype caused by sororin RNAi
and these mutations also eliminate the association of sororin with
the cohesin complex [74]. These data suggest that the interaction
of the highly conserved motif at the C-terminus of sororin with the
1329G.D. Mehta et al. / Biochimica et Biophysica Acta 1823 (2012) 1324–1342cohesin complex is critical to its ability to mediate SCC [74]. As a mat-
ter of fact, the sequence of sororin is much less well conserved among
the vertebrates. To delineate the mechanism of action of sororin, a
recent study using Xenopus egg extract and Hela cells has shown
that DNA replication and cohesin acetylation promote binding of
sororin to cohesin, and upon binding to cohesin sororin displaces
Wapl from its binding partner Pds5 [61]. It has been proposed that
sororin maintains cohesion by inhibiting Wapl's ability to dissociate
cohesin from DNA. This is consistent with the fact that sororin be-
comes dispensable for cohesion in absence of Wapl [61]. The above
mentioned requirement of DNA replication and cohesin acetylation
links sororin with an acetyltransferase, named Eco2 [75]. Eco2, like
sororin, is a substrate of the anaphase promoting complex/Cyclosome
(APC/C), which ensures that these protein levels remain low for most
of the cell cycle and peaks up during S phase when cohesion estab-
lishment (described below) takes place. Sororin and Eco2 work in
coordination to form a unique regulatory module that restricts cohe-
sion to only those cells with replicated chromatin and thus support a
model in which cohesion in vertebrate cells is not fully established
until the G2 phase [75]. Although sororin has only been identiﬁed in
vertebrates, but sororin related proteins have been found in many
invertebrate species. One of such protein is Dalmatian in Drosophila
which is essential for cohesion [61]. Thus, the mechanism of action
of sororin, as shown in vertebrates, may therefore be widely con-
served among different species but the protein per se might have di-
verged during evolution. Apart from the above mentioned three
cohesin associated proteins, several other proteins interact with the
core cohesin subunits genetically or physically or both. To under-
stand the complexity and regulation involved in proper functioning
of cohesin, we have presented a concise interactome table (Table 1)
showing the physical and genetic interactions of the cohesin core
subunits with myriad proteins during mitotic and meiotic cell cycles
in budding yeast.
4. How does cohesin complex hold sister chromatids together?
Variousmodels have been proposed to explain how cohesin complex
might hold the two sister chromatids together [27,54,76,78,80–84]
(reviewed in [43,65,75,79]). Thesemodels can be classiﬁed into four cat-
egories: one ring (embrace) model, two rings model, multimeric brace-
let model and multimeric rod shaped model (Fig. 2). Among these four,
themost popularmodel is the one ringmodel which predicts that Smc1,
Smc3, and Scc1/Mcd1/Rad21 form a triangular ringwhich embraces sis-
ter chromatids. According to this model a single cohesin ring can entrap
two 10 nm chromatin ﬁbers topologically (Fig. 2A). In two rings model,
there areﬁve possibilities as shown in Fig. 2B, although experimental ev-
idence exists only for the handcuff model [85]. The handcuff model pre-
dicts that each cohesin ring (Smc1–Smc3–Scc1) embraces one of the
two sister chromatids and cohesion is established when one molecule
of Irr1/Scc3 bridges two cohesin rings during DNA replication (Fig. 2B),
[66,76,83] (reviewed in [43,79,81,82]). The bracelet model proposes
that Scc1/Mcd1/Rad21 connects Smc heterodimers to form multimeric
ﬁlaments that entrap sister chromatids inside the oligomeric bracelet
(Fig. 2C, reviewed in [43,79]). However, there is no experimental proof
in support of this model. As fourth model, a rod shaped structure of
cohesin has been envisaged (Fig. 2D) [84]. TEM analysis of the low
copy number minichromosomes in budding yeast with associated bio-
chemical techniques has demonstrated the structure of cohesin is rod
shaped and the sister minichromosomes interact at one end of the rod.
Additionally, the width of the rod suggests that multiple cohesin mole-
cules interact with each other along their coiled‐coil arms of Smc sub-
units to mediate SCC [84].
Nasmyth's group has shown using minichromosome as a tool that
the interactions of cohesin ring with that of the DNA are topological
when they uncoupled cohesin–DNA interaction by severing either
cohesin or DNA rings [80]. Sealing the three interphases of Smc1–Smc3–Scc3 tripartite ring using protein fusion and cross-linker, they
have also demonstrated convincingly that the embrace model is
preferred over the handcuff model [1]. Similar embrace model has
appeared to be operated in cohesion mediated non-random segre-
gation of budding yeast 2 micron plasmid [86]. However, there are
some arguments against the embrace model (reviewed in [82]). It
has been observed in many instances where cohesin is present on
the chromosomes but it is not in cohesive state. For example in eco1
mutant, where cohesin still loads onto chromosomes but SCC cannot
be established during DNA replication [87,88]. To accommodate Eco1
as cohesion establishment factor, the non-cohesive nature of bound
cohesin is practically impossible if a single cohesin ring entraps both
the sister chromatids due to passage of the replication fork through
it. Another major criticism of the one ring embrace model is the inter-
nal diameter of the ring (~40 nm) which imposes constrains to ac-
commodate two sister chromatids and creates a static conﬁguration
which is not ﬂexible enough for cohesin to perform its rather dynamic
function during DNA replication, transcription and DNA repair. In
support of the two rings model, a recent study in human cell lines
by Zhang et al. using overexpressed cohesin subunits with differen-
tially tagged epitopes has shown that three of the four core cohesin
subunits (Smc1, Smc3 and Rad21) can coimmunoprecipitate them-
selves and each other whereas SA1 and SA2, orthologs of Scc3, failed
to show similar results [89]. This result indicates that cohesin com-
plex is not a single ring complex. On the basis of the molecular asso-
ciations of cohesin subunits and protein–protein interaction using
yeast two-hybrid assay, they have provided evidence for a handcuff
model of the cohesin complex, which consists of two rings having
two sets of Smc1, Smc3 and Rad21 molecules. Using ﬂuorescence
protein complementation assay (PCA), it has been shown that hand-
cuff is established when two Rad21 molecules arrange themselves
in an anti-parallel orientation that is enforced by either SA1 or SA2.
Interestingly, inhibition of SA1/SA2 using RNAi leads to dissociation
and opening of the rings [89]. Thus, this report provides the ﬁrst indi-
cation that the cohesin complex in humans may exist as a dimeric or a
two rings structure. Although it is to be noted that the above results
arguing for a handcuff model were derived from cells expressing
cohesin subunits above their normal cellular levels and therefore
should be taken cautiously.
To understand the association of cohesin complex with that of the
chromatin, Koshland's groups has designed an in vitro tool which per-
petuates in vivo physiological properties of cohesin–DNA complexes.
There, in contradiction to the embrace model, they failed to release al-
ready stably bound, salt-resistant cohesin complex from a topological-
ly closed DNA substrate following DNA cleavage [90] suggesting a
non-topological interaction between cohesin and the DNA. However,
in the same system, linear DNAwas enrichedwith less cohesin assem-
bly than that of the closed DNA. To explain this, it has been proposed
that cohesin may initially assemble on DNA as a loose salt sensitive
complex which can slide and comes out of the linear DNA. But upon
time the complex becomesmature, salt-resistance andmore stable re-
fractory to come out upon DNA cleavage unlike the embracemodel. To
explain this contradiction over the embrace model, it can be assumed
that the interaction of cohesin with that of the chromatin can be both
topological and non-topological. In the minichromosome pull down
assay (performed to test embrace model), it may be only the topolog-
ical fraction amenable to be pulled down as considerable fraction was
found to escape immunoprecipitation. However, Koshland's group in
vitro system may fail to enrich the topological fraction due to lack of
complete perpetuation of in vivo physiological condition.
5. The loading of cohesin onto chromatin
To perform its function of keeping sister chromatids glued togeth-
er, cohesin must bind to the chromosomes before the onset of DNA
replication to generate the functional linkages between the nascent
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Fig. 2. Models proposed for the entrapment of sister chromatids by cohesin. A) One ring model (embrace model) proposes that both the sister chromatids (~10 nm ﬁber for each
chromatid) are entrapped by a single cohesin ring of internal diameter: ~40 nm. B) Two rings model suggest in principle ﬁve different ways sister chromatids can be entrapped.
Among these, handcuff model is more popular due to availability of experimental evidence to support this model. C) Bracelet model proposes that cohesin rings oligomerize in
hand-to-hand fashion to hold the sister chromatids together. D) Rod model proposes that cohesin rings associate with one another by their Smc coiled coils regions to make a
thick rod like structure. TEM analysis of cohesed minichromosomes showed the existence of this model in which sister minichromosomes were found to associate with one end
of Smc rod.
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possesses any DNA binding motif, genome wide mapping of cohesin
binding on the chromosome has revealed that cohesin binds to
every 10 to 15 kb region on the chromosome arm, known as CAR
(cohesin associated region) [92–97]. These CAR sites, identiﬁed in
budding yeast, fall within the intergenic region which are rich in AT
content and the average length of the CAR sites is 0.8 Kb (Fig. 3A)
[92]. It is believed that cohesin ﬁrst gets loaded with the help of
cohesin loader at transient sites on the chromosome and later on
moved to more permanent sites (CARs) perhaps driven by transcrip-
tion [94]. In S. cerevisiae the cohesin loaders have been discovered as a
conserved Scc2–Scc4 protein complex [64] and binding sites of this
complex have been located as distinct sites than CARs (Fig. 3A). How-
ever, the notion that cohesin ﬁrst binds to Scc2–Scc4 binding sites
and then relocates to CARs has been argued by experimental evidencethat Scc2–Scc4 binding sites can lie even within CARs suggesting a di-
rect deposition of cohesin at CARs (Fig. 3A) [98].
Orthologs of Scc2 and Scc4 have also been identiﬁed in many other
organisms like ﬁssion yeast, Drosophila, human, Xenopus and C. elegance
(reviewed in [99]). Scc2–Scc4 complex has been found to be essential
for cohesin loading onto the chromosome but how it loads cohesin
onto the chromosome is poorly understood. In case of scc2 or scc4mu-
tant, cohesin complex cannot associate with chromosomes but the
assembly of cohesin complex takes place normally.Moreover, following
loading of cohesin complex on the chromosome, the Scc2–Scc4
complex becomes dispensable during S and G2 phase [64,100]. Alto-
gether these results suggest that Scc2–Scc4 complex is responsible
only for the physical association of cohesin complex with the chromo-
somes, but it doesn't have any role in the de novo assembly of cohesin
complex from the component subunits and for the establishment or
A
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Fig. 3. Positions of cohesin accumulation and model of ring opening. A) Relative positions of cohesin loader complex and cohesin complex in various organisms. In budding yeast,
cohesin enriches at the intergenic sites, known as CAR sites, though the cohesin loader complex is present within the active genes as well as at the CAR sites. In ﬁssion yeast, cohesin
is present at the intergenic region as well as within the active genes although cohesin loader is associated only with the actively transcribing genes. In case of Drosophila, the po-
sitioning of cohesin and its loader is intermediate between the patterns observed in budding and ﬁssion yeasts. In murine embryonic stem cells, cohesin enriches at the active pro-
moter regions along with its loader whereas in humans, major population of cohesin remains associated within intergenic and intronic regions of active or inactive genes. Thus, the
process of cohesin loading and site of accumulation is very less conserved among different model systems. B) Current model to describe the energy requirement for opening of the
cohesin hinge. Hinge domain bends back towards the Smc heads and gets the energy from ATP hydrolysis carried out by Smc heads with their ATPase domains.
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Dispensability of Scc2–Scc4 complex in assembling mature cohesin
complex argues that a preassembled cohesin ring gets loaded onto
DNA. Since it has been demonstrated that the Scc2–Scc4 complex phys-
ically interact with the cohesin complex [32,88], it presumes the possi-
ble role of Scc2–Scc4 complex in opening of a cohesin ring to load it onto
the chromosomes. Nevertheless, using in vitro tool of cohesin assembly,
it has been demonstrated that Scc2–Scc4 may be dispensable for initial
assembly of the ‘salt sensitive’ loose cohesin complex on DNA but even-
tually requires for maturation of the complex to a ‘salt resistant’ stable
complex capable of doing biological function [90]. How Scc2–Scc4
themselves binds to DNA at ﬁrst place is unknown. So far no sequence
speciﬁcity has been observed for binding of Scc2–Scc4onto the chromo-
some. However, a correlation between strong transcriptional activity
and binding preference for Scc2–Scc4 complex to the chromosome
arm has been demonstrated in budding yeast [100]. In another study
the association of Scc2–Scc4 at the pericentric region has been shown
to be inﬂuenced by CTF19 kinetochore subcomplex [101].
Although in budding yeast CARs may harbor cohesin loading sites
(Scc2–Scc4 binding sites), the scenario of the position of cohesin load-
ing and its permanent location varies among different organisms
like Drosophila, ﬁssion yeast and mammals (Fig. 3A). ChIP analysis in
Drosophila showed that the Nipped B, a cohesin loader subunit, is pre-
sent at the transcribed regions and its distribution overlaps with RNA
polymerase II [102]. This argues for the fact that the transcriptional ac-
tivity correlates with the site of cohesin loading. But unlike buddingyeast, the distribution pattern of cohesin was found to coincide with
the distribution pattern of its loader, Nipped B. One possible explana-
tion for this ﬁnding is may be in Drosophila cohesin associates strongly
with Nipped B, whereas in budding yeast, cohesin binds weakly to the
Scc2/Scc4 complex. In ﬁssion yeast, the localization pattern of cohesin
and its loading complex Mis4/Ssl3 was found to be the intermediate
of that of Drosophila and budding yeast [103]. Mis4/Ssl3 was found at
the positions of strong transcriptional activity and the cohesins were
found not only at the intergenic regions of the convergent genes as in
the case of budding yeast but also at the sites coinciding with the
loading complexMis4/Ss13 as in the case ofDrosophila (Fig. 3A). Inmu-
rine embryonic stem cells, the cohesin loader Nipbl colocalizes with the
transcriptional mediator complex at the promoter regions of some of
the expressed genes (Fig. 3A) [104]. Cohesin has been found at these
sites. However, a major fraction of mouse and human cohesin colo-
calizes with the CTCF insulator (CCCTC binding factor required for tran-
scriptional repression), with a preference for regions in the vicinity of
the transcribed genes (Fig. 3A) [63]. Using ChIP-chip analysis for Scc1
in human, it has been shown that the 49% of the cohesin sites arewithin
the intergenic region, 35% sites are within introns and 13% sites are
lying 5 kb upstream or downstream of active or inactive genes [63].
Nevertheless, major Scc2 ortholog peak was not detected at the CTCF
site, therefore it is not clear whether and how human cohesin translo-
cates from its loading sites to CTCF-binding sites.
Itwas very interesting to address how cohesin is shipped from its site
of loading to the more permanent locations. From their experimental
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ing force by RNA polymerase II mediated transcription machinery
may cause translocation of the cohesin along the budding yeast chro-
mosome [93,94]. A similar kind of transcription coupled movement
of cohesin onto the chromosome has also been observed in ﬁssion
yeast [103,105]. However, such cohesin accumulation at convergent
gene loci had not been observed in Drosophila and humans. The rea-
son for this could be the lengths of the genes as the key determining
factor for the position of cohesin accumulation. Given the half life of
dynamic cohesin–chromatin association in human is around 20 min,
the speed of transcription is 2 kb/min and very large average size
of genes (i.e. 200 kb) in humans and Drosophila in comparison to
the sizes of the genes in yeasts (i.e. 10 kb), the cohesin cannot trans-
locate through the entire gene length in human and Drosophila
(reviewed in [99]). As an alternate model for cohesin translocation,
cohesin might dissociate from the initial loading sites where Scc2/
Scc4 bind and then reloaded further downstream. In support of this
model, Nasmyth and co-workers have reported that ATP hydrolysis,
previously known for cohesin's association with chromatin [32,33],
is also required for the translocation of cohesin on the chromosomes
[106].
To conceive the idea that a preformed cohesin ring associates
and embraces DNA strands, it was necessary to delineate the mecha-
nism and site of opening of the ring to entrap the chromatids. Given
the tripartite nature of the cohesin complex, there are three potential
ways by which a cohesin ring can open up: 1) junction between Smc1
head and Scc1 C-terminus, 2) junction between Smc3 head and Scc1
N-terminus, and 3) junction between hinge domains of Smc1 and
Smc3. Having an ATPase domain of ABC transporters, it is possible
that Smc heads can transport the DNA inside the cohesin ring through
ATP hydrolysis from either of the ways between Smc head domains
and Scc1. However, experiments using the covalent fusion products
of Smc1–Scc1 or Smc3–Scc1 showed no impairment in cohesin load-
ing turning down the possibility of the ﬁrst two ways [107]. To test
whether DNA enters through hinge (third way), the same group
engineered an additional dimerization surface at the hinge regions
of Smc1 and Smc3. It was observed that the cohesin loading is not
taking place while engaging the dimerization surface [107], which in-
dicates that the DNA enters into the cohesin ring via its hinge. The
energy requirement for this opening is explained by the mechanism
where the hinge bends back towards the ATPase heads, as has been
shown in case of the ﬁssion yeast Smc1–Smc3 dimer by Atomic
Force Microscopy [108]. In this way, the ATPase heads might come
into direct contact with the hinge domain as it was also suggested
by some biochemical experiments [109] and thus may provide energy
for ring opening through ATP hydrolysis (Fig. 3B). As a matter of
similitude, mutations within either interface of the hinge region
didn't greatly compromise formation of cohesin rings in vivo, but
they reduced the residence time of cohesin on chromosomes and
caused lethal defects in SCC [110]. This result explains that mere
formation of rings is not sufﬁcient for cohesin function but stable
cohesion requires cohesin rings that cannot easily open. Recently,
by solving the crystal structure of the hinge region from Mus
musculus, Nasmyth and colleagues have demonstrated the existence
and importance of a positively charged channel within Smc1/Smc3
hinge region, which is required for the SCC [111]. Mutants of Smc1
and Smc3 which can neutralize the positive charges of this channel
reduced the rate of hinge dissociation (Koff) in vitro and showed dras-
tic reduction in Smc3 acetylation (discussed below) and establish-
ment of cohesion during S phase. These results suggest that hinges
participate in a major conformational change during S phase which
possibly promotes hinge opening and acetylation of Smc3.
The role of ATP binding to the SMC heads and ATP hydrolysis
for the cohesin function has been studied extensively [32,33,112].
The head domains of the Smc1 and Smc3 subunits possess ABC-type
ATPase domains. Mutations which can prevent the ATP binding tothe Smc1 and Smc3 heads restrict the association of Scc1 with the
Smc1 and Smc3, respectively. In addition to this, prevention of ATP hy-
drolysis by these subunits results in unstable association of cohesin to
the chromosomes. Recently, Nasmyth and co-workers have demon-
strated that the mutation in cohesin which impairs either ATP binding
or ATP hydrolysis, accumulate cohesin at Scc2/Scc4 binding sites at
centromere as well as on chromosome arm and presumably restrict
the movement of cohesin rings along the chromosome [106]. Thus,
ATP binding and ATP hydrolysis are two crucial aspects required for
the assembly of cohesin complex, the association of cohesin to the
chromosomes and translocation of cohesin after its loading onto the
chromosomes (described below). Interestingly, it has been demon-
strated that Scc1/Mcd1/Rad21 is not a mere subunit required for ring
closure only. On the other hand, the role of Scc1/Mcd1/Rad21 in regu-
lating the ATPase activity of Smc heads has also been demonstrated
in vitro [112]. Thus, Scc1/Mcd1/Rad21 not only connects Smc1 and
Smc3 to close the cohesin ring but it also controls the catalytic activity
of Smc1–Smc3 heterodimer and regulates overall cohesin function.
6. Establishment of cohesion
Experimental evidence has shown that the association of cohesin
with chromosome is not enough for pairing the sister chromatids
together or act of cohesion. For this purpose, chromosome associ-
ated cohesin must attain a “pairing competent state”, a phenomenon
known as establishment of cohesion. The key player for the estab-
lishment of cohesion is a conserved protein called Ctf7/Eco1 (estab-
lishment factor), whose acetyl transferase activity is required for
achieving pairing competent state of a cohesin [113]. Sister chromatid
cohesion assay with ctf7/eco1mutants showed the precocious separa-
tion of sister chromatids in spite of having chromatids fully decorated
with cohesins. Additionally, cell cycle dependent studies have shown
the essential function of Ctf7/Eco1 in generating cohesion is restricted
to S phase only (reviewed in [99]) [114]. Thus, Ctf7/Eco1 is only re-
quired for the establishment of cohesion concomitant to replication,
but it is neither necessary for maintaining the cohesion nor for the
deposition of cohesin onto the chromatids [58,87,88,115] (reviewed
in [99]). Interestingly, Christman and co-workers have identiﬁed a
novel nuclear DNA polymerase (encoded by the TRF4 gene), known
as Kappa Polymerase, which is required not only for DNA replication
but also for SCC in budding yeast [116] suggesting a direct correlation
between replication and generation of cohesion. Given the gigantic
diameter of cohesin ring (~40 nm) capable of embracing two DNA
double helices, two most popular models for the cohesion establish-
ment have emerged. According to the ﬁrst model, the cohesin ring
is loaded on DNA in prereplicative stage and since cohesin ring is
large enough for the entire replisome to pass through, act of replica-
tion through the ring will produce two DNA double helices topo-
logically trapped inside the ring and cohesion is generated by
further action by Ctf7/Eco1 (Fig. 4A, upper panel) [34] (reviewed in
[43,77]). This model argues for a single ring embraces both the sisters
[1]. As an alternative to this ﬁrst model, it has also been proposed that
Eco1 mediated acetylation may open up the cohesin ring transiently
during replication so that the replication forks can pass through the
ring, followed by closing of the ring without falling off of the rings
from the DNA (Fig. 4A, lower panel) (reviewed in [19]). In another
model, it has been proposed that the nascent chromatids emerging
from the replication fork become decorated with the cohesins and
subsequently they paired together by the action of Ctf7/Eco1 to
achieve cohesion presumably by forming higher order structure of
cohesin (Fig. 4B, reviewed in [117]). Regardless of the models, several
groups have demonstrated that the absence of the acetyl transferase
activity of Ctf7/Eco1 results in inviability of the cells and massive
cohesion defects accounting acetyl transferase activity of Ctf7/Eco1
is essential for its cohesion establishment [67,85,118]. These re-
sults generated an interest to ﬁnd out the substrates for this acetyl
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Ctf7/Eco1 has identiﬁed some potential substrates for the acetylation,
which includes multiple lysines within Ctf7/Eco1 itself, Irr1/Scc3,
Pds5, and a single lysine (K210) within Scc1/Mcd1 [113] using West-
ern blotting with anti Ac-K antibody and mass spectrometric anal-
ysis (Table 2). However, biological signiﬁcance of these acetylations
was obscure as mutations blocking these modiﬁcations fail to disrupt
SCC. Further studies using acetylation-mimicking mutation of a con-
served lysine in cohesin's Smc3 subunit have discovered lysines 112
and 113 of Smc3 as the potential substrates for Ctf7/Eco1 (Table 2)
[67,118]. Mutating lysines to arginine at these positions is lethal and
the mutants showed the same phenotype as of cohesin mutant with-
out cohesion function. Of the two sites, acetylation of lysine at 113
plays more critical role in this regard. Cell cycle dependent studies
in both yeast and humans have revealed that Smc3 is not acetylated
in G1 but the level of acetylation rises dramatically during S phase
which temporally same as Ctf7/Eco1 function [67,85,118]. Surprising-
ly, Smc3 acetylation persists till anaphase onset (or longer in human
cells) before returning to an unacetylated state at G1. The role of
Smc3 acetylation beyond S phase is puzzling at this moment because
the establishment of SCC is restricted only to S phase in the normalcells. It is possible that this extended acetylation is to keep cells amena-
ble for inducing cohesion if required till chromosomes are ready to sep-
arate at anapahse. In this context, recently Gerton and Uhlmann groups
have reported that Hos1 acts as a lysine deacetylase for converting acet-
ylated Smc3 to the deacetylated Smc3 duringG1 phase in budding yeast
(Table 2) [119,120]. Uhlmann and Nasmyth groups have also demon-
strated the importance of Smc3 acetylation–deacetylation cycle for
the maintenance and regeneration of cohesion. Nonacetylated Smc3 at
G1 is required as a substrate for cohesion establishment in the following
cell cycle [120,121]. All these results attest for Smc3 acetylation as pre-
requisite for generation of cohesion but the molecular mechanism how
acetylated Smc3 helps the establishment of cohesion remains unre-
solved. How Ctf7/Eco1 function itself is restricted to S phase came
from a recent study, which revealed that Ctf7/Eco1 function is negative-
ly regulated by protein kinase Cdk1 in budding yeast. Cdk1 mediated
phosphorylation of Ctf7/Eco1 after S phase promotes the ubiquitin me-
diated destruction of Ctf7/Eco1 and thus it cannot establish cohesion
after S phase. A nonphosphorylatable version of Ctf7/Eco1 was found
to establish cohesion even after S phase [122].
A further twist to cohesion pathway came which showed Ctf7/
Eco1 dependent cohesion establishment is no longer conﬁned in
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cells cohesion cannot take place beyond the S phase as the level of
Ctf7/Eco1 becomes limiting possibly due to ubiquitin mediated de-
struction. However, in cells carrying DNA lesions, Ctf7/Eco1 level
rises in G2/M phase to re-establish cohesion between sister chroma-
tids to facilitate DNA repair. More interestingly, under this situation
Ctf7/Eco1 based re-establishment of cohesion is not only restricted
to the site of DNA damage, but it re-establishes cohesion all over
the genome independent of DNA replication [123–126]. This post-
replicative DNA damage induced cohesion establishment puts the
model of replication coupled cohesion establishment at stake. How-
ever, two distinct mechanisms of cohesion establishment (replica-
tive and postreplicative) cannot be ruled out. In support of this, for
S phase dependent cohesion establishment, acetylation of Smc3 is
required, which is dispensable for the DNA damage induced cohe-
sion establishment [127]. Instead, phosphorylation of Scc1/Mcd1 in-
duces Eco1 dependent acetylation of Scc1/Mcd1 at K84 and K210,
which is essential for antagonizing Wpl1, that restricts cohesion es-
tablishment during G2/M phase [128]. It has also been observed that
nonacetylatable scc1/mcd1K84R,K210R mutants can establish cohesion
during S phase but not during G2/M phase in case of DNA damage.
Thus, Ctf7/Eco1 acetylates different substrates during S and G2/M
phases (Smc3 during S phase and Scc1/Mcd1 during G2/M phase).
How acetylation of Scc1/Mcd1 promotes generation of cohesion in-
dependent of DNA replication is still not known.
While the mechanism of postreplicative cohesion establishment
is poorly understood, several studies have linked components of
replisome to Ctf7/Eco1 to establish direct role of replication on gener-
ation of cohesion. Those experiments have shown the role of RLC
(Replication factor c Like Complex) in cohesion establishment as
shown that a mutation in ELG1 (codes a component of RLC) can also
bypass ctf7/eco1 mutant cell phenotype [129,130]. Furthermore, nu-
merous studies have shown the association of Ctf7/Eco1 with replica-
tion fork components and the necessity of these components in the
establishment of cohesion [114,131]. Such results support the possi-
bility of Ctf7/Eco1 riding the replication fork to pair the emerging sis-
ter chromatids (reviewed in [117]). The importance of Ctf7/Eco1
function in SCC pathway has been reckoned on human health. Muta-
tions in human ESCO2/EFO2, homolog of Ctf7/Eco1, are responsible
for Roberts and SC phocomelia, genetically autosomal recessive syn-
dromes associated with limb and growth deﬁciencies, craniofacial
anomalies, and mild to severe mental deﬁciency [132,133].
Another interesting player in cohesion establishment is sororin,
which is dispensable for the association of cohesin with chromatin but
essential for proper cohesion during G2 phase. Like cohesin, DSB repair
in G2 also requires sororin. To explain how sororin facilitates cohesion,
it has been demonstrated that the protein is essential for the presence
of normal amounts of the stably chromatin-bound cohesin population
in G2. In fact, sororin associates with chromatin-bound cohesin in S
phase and functions during the establishment or maintenance of cohe-
sion in G2 phase [72].
It is to be noted that over the last decade several groups have iden-
tiﬁed different proteins with diverse cellular functions like chromo-
some segregation (Chl1, Ctf4, Ctf7, and Slk19), motor/microtubule
related function (Kar3, Vik1, and Bim1), chromatin structure proteins
(RSC) and replication fork components (PCNA, Ctf8, Ctf18, and Dcc1)Fig. 5. Various mechanisms of cohesin release from the chromatin. A) Removal of cohesin d
prophase pathway. The residual amount of cohesin at the centromeric region is released b
centromeric cohesin from prophase pathway by keeping the Scc1 dephosphorylated. B)
Pds5 converts the cohesive state of cohesin ring to its non-cohesive state by displacing the i
ring without Scc1 cleavage are phosphorylation of SA2 and the interaction of Wap1 with Pd
make the conformational changes in the cohesin ring and allow it to open from the Smc-Sc
prophase pathway for cohesin removal in budding yeast keeps the cohesin all along the chr
cohesin in one step. D) A two step way of cohesin release during meiosis in budding yeast
whereas centromeric cohesin remain protected from the separase through dephosphorylati
tromeric cohesin is being cleaved by the separase, leading to the separation of the sister chas required for cohesion [134] (reviewed in [135]). This is primarily
because the corresponding mutants showed defect in cohesion as
judged by the sister chromatid cohesion assay without any signiﬁcant
decrease in cohesin loading. How these proteins promote faithful co-
hesion is not understood. It can be presumed that these proteins
may promote certain chromatin architecture, bring DNA duplexes in
close proximity and regulate replication fork movement in such a
way that favors cohesion establishment. Recently, Gartenberg and
co-workers have shown that a small C-terminal fragment of Sir2, a
histone deacetylase and an essential silent chromatin component, is
necessary and sufﬁcient for cohesion generation at the silent chroma-
tin in S. cerevisiae [136]. They have also shown an important role of
HMR-proximal tDNA gene and components of the RNA pol III machin-
ery in cohesion of silent chromatin [137].
Several other studies have explored an anti-cohesion estab-
lishment activity of some of the proteins as an additional layer of
control on SCC and active removal of these proteins is a prerequisite
for achieving cohesion (reviewed in [138]). The key process for
generating such anti-cohesion activity involves the association of
Wap1/Rad61 and Pds5 to the cohesin subunit Irr1/Scc3. The anti-
establishment activity of these factors is temporally relieved by
the establishment factor Ctf7/Eco1 during the S phase to allow the
cohesion of sister chromatids. Whether acetylation of these anti-
cohesion factors by Ctf7/Eco1 is responsible for their inactivation
is yet to be demonstrated.
Function of Pds5 in establishing and maintaining cohesion is
not fully understood. The role of Pds5 in cohesion appears to be
linked to the function of Ctf7/Eco1 as pds5 mutant cells exhibit the
same “cohesin without cohesion” phenotype as that of ctf7 mutant
cells [54]. Although their mutant phenotypes are the same, they differ
in their cell cycle stage dependent functions. While Ctf7/Eco1 is re-
quired for initiating cohesion establishment during S phase, Pds5 is
required for the maintenance of cohesion during G2/M phase [66].
The clue that Pds5 might regulate cohesion came from work on ﬁs-
sion yeast where it is shown that pds5 deletion bypasses the cell le-
thality associated with the mutation in ESO1 (ﬁssion yeast homolog
of Ctf7/Eco1). This result suggests that Pds5p hinders the establish-
ment of cohesion until it is counteracted by Eso1p [139]. However,
in contradiction to this result, elevated levels of Pds5 were found to
suppress ctf7/eco1mutant cell phenotypes and similarly, the elevated
levels of Ctf7/Eco1 were found to suppress the pds5 mutant cell phe-
notypes [58]. This suggests that Pds5 might have some other roles be-
yond a mere cohesion anti-establishment factor and at higher dose it
may facilitate cohesion in absence of Ctf7/Eco1 by interacting with
the targets of Ctf7/Eco1 and/or by maintaining more stable DNA–
cohesin interaction. Thus, the mechanism of Pds5 action is still very
dubious now and appears to be much more complicated than it is un-
derstood currently. One important observation from Guacci lab sug-
gests that functions of Pds5 in regulation of cohesion (establishment
and maintenance) may be moderated by sumoylation of this protein
[66]. In this study, SMT4, the SUMO isopeptidase was identiﬁed as a
high copy suppressor of a temperature-sensitive pds5 mutant. Smt4
overexpression resulted in decreased Pds5 sumoylation whereas
smt4 mutant showed increased sumoylation of Pds5. On the basis of
this evidence, it has been suggested that Pds5 is sumoylated to pro-
mote the dissolution of cohesion [66].uring mitosis in vertebrates: Majority of the cohesin is removed in vertebrates through
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limited homology with budding yeast Rad61, a factor involved in
DNA repair and SCC [57]. In both the systems, knockdown ormutation
in WAP1 or RAD61, respectively bypass ctf7/eco1 dependent lethalitySecur
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cohesin association to chromatin and thus Wpl1/Rad61 supposedly
stabilizes cohesin association with chromatin (reviewed in [140])
[141]. It is possible, as suggested by the limited homology, that bud-
ding yeast Wpl1/Rad61 has acquired different functions than Wap1
in human or in ﬁssion yeast. To explain how anti-establishment activ-
ity of Wap1 is inactivated, further investigation has suggested a
sororin mediated antagonism for Wap1, in which DNA replication
and cohesin acetylation promote binding of sororin to cohesin,
which in turn displacesWapl from its binding partner Pds5. In concor-
dance with this, in the absence of Wapl, sororin was found to be dis-
pensable for cohesion [61].
Irr1/Scc3, the third member that fuels the anti-cohesion estab-
lishment mechanism, was found to make a heterotrimeric com-
plex with Pds5 and Wap1/Rad61 [141]. However, it is early to infer
about the true existence of heterotrimeric complex since although
Wap1/Rad61 appears to connect Irr1/Scc3 and Pds5, but Wap1/
Rad61 itself is non essential. Thus, binding of Irr1/Scc3 to Pds5 either
does not depend on Wap1/Rad61 in vivo or is not required for cell vi-
ability (reviewed in [138]). In fact, only Irr1/Scc3 is essential across
species and this protein has been demonstrated as one of the stable
components of the cohesin complex. In support of this, Irr1/Scc3
was found to co-sediment with intact cohesin complex and it also
co-immunoprecipitates all other cohesin core subunits [26,36,88].
Thus, the acclaimed model till date is that Wap1/Rad61 and Pds5
are non essential accessory factors that bind to cohesins through
Irr1/Scc3 and ﬁne tune the act of cohesin (Fig. 1B).
7. Regulation of cohesin removal
Like sister chromatid cohesion timely degradation/removal of
cohesin is equally important process for the faithful chromosome seg-
regation duringmitosis andmeiosis. In fact, both reductional and equa-
tional patterns of chromosome segregation observed in a singlemeiotic
cell cycle are a direct manifestation of unique spatio-temporal removal
of cohesin from the chromatin. In vertebrate cells during mitosis, the
prophase pathway removes the bulk of cohesin from chromosome
arms, whereas cohesin remains bound to the centromeres till the
onset of anaphase (Fig. 5A) [142]. Dissociation of cohesin during pro-
phase pathway depends on two mitotic kinases: Polo-like kinase 1
(Plk1) [143–146] and Aurora B kinase [142–145]. Plk1 phosphorylates
Scc1/Rad21 and SA1/SA2 subunits of cohesin in vitro whereas the sub-
strates for Aurora B kinase are not known yet. For partial support to
this notion, experiments using nonphosphorylatable mutant of SA2
showed reduced dissociation of cohesin from chromosomes in pro-
phase and prometaphase, in contrast to the situationwhere the expres-
sion of nonphosphorylatable Scc1 didn't cause any such defect [147].
These experiments reveal that Plk1 contributes to cohesin dissociation
by phosphorylating SA2 (Fig. 5B). However, how this phosphorylation
triggers cohesin ring opening is poorly understood.
Experimental evidence suggests that SA2 phosphorylation is not
the only requirement for the removal of cohesin from chromosomes,
but cohesin associated proteins Wapl and Pds5 also play a critical role
for unloading of cohesin from chromatin during prophase pathway.
Depletion of Wapl or Pds5 from Xenopus egg extracts severely affect
cohesin release, resulting in the formation of poorly resolved chromo-
somes [148]. In fact inWapl depletedmammalian cells, cohesin disso-
ciation in prophase was reduced more severely than in the case of
Plk1 or Aurora B or condensin I inactivation [56,57]. On the other
hand, over expression of Wapl results in the precocious loss of cohe-
sion between the sister chromatids. As a matter of fact, depletion of
Wapl doesn't abolish phosphorylation of SA2 althoughWapl interacts
with SA2. Thus, it is more likely that SA2 phosphorylation makes sub-
tle changes in cohesin which facilitates the dissociation of cohesin by
Wapl followed by the opening of a cohesin ring through a mechanism
that does not depend on the cleavage of Scc1 by separase (Fig. 5B). Itwould be interesting to check whether Wapl mediated cohesin disso-
ciation is controlled by the ATPase activity of Smc1 and Smc3 head
domains because Wapl interacts with SA2 and Scc1, which bind to
the ATPase heads of Smc1 and Smc3 (reviewed in [149]). A further
clue for the collaborative function of Wapl, Pds5 and cohesin comes
from the detailed analysis of the amino acid motifs present on their
interaction surfaces. Pds5 and SA1 both have degenerated HEAT re-
peats [35,41] whereas the vertebrates orthologs of Wapl share three
copies of a characteristic amino acid motif known as the FGF motif
[148]. Previous studies have shown that the proteins harboring
HEAT repeats or FGF-like motifs can physically interact with each
other [150,151]. Therefore, it is convincible that the Wapl may utilize
its FGF motifs to interact with the HEAT repeats present on Pds5 and
SA to induce certain conformational changes in cohesin structure to
release it from chromatin (Fig. 5B). As a matter of similitude, muta-
tions in the FGF motifs of Wapl weakened its interaction with cohesin
or Pds5 and caused defects in sister chromatid resolution in Xenopus
egg extracts [148], (reviewed in [152]).
Removal of cohesin associated proteins Wapl, Pds5A, sororin,
cohesin loading factor Scc2/Scc4 and CTCF from the chromosome
arm takes place during prophase [26,56,57,59,62,63], as majority of
cohesin is removed from the chromatin at this stage through pro-
phase pathway. However in yeast where the bulk of cohesin remains
bound to the chromatin until the onset of anaphase, the cohesin asso-
ciated proteins persists on chromatin beyond prophase and Scc2/Scc4
remain bound to the chromatin throughout the cell cycle [64]. In
yeast cells during the onset of mitotic anaphase, the bulk of cohesin
is removed by the action of separase which cleaves the Scc1/Mcd1
subunit of the tripartite cohesin ring (Fig. 5C) [153] (reviewed in
[154]). The activation of separase requires the activation of APC/C
which in turn degrades the separase inhibitor securin (discussed fur-
ther below). In contrast, the vertebrate prophase pathway is indepen-
dent of any cohesin cleavage [26], and thus Scc1 remains intact when
cohesin is removed from the chromosomes during prophase (Fig. 5A)
[142]. The actual importance of the prophase pathway of cohesin
dissociation is dubious. The speculations for the role of prophase
pathway on the basis of the currently available information are as fol-
lows: First, removal of cohesin from chromosome arms during pro-
phase may be a prerequisite for chromosome condensation, which
takes place at the same time, although no major condensation defects
have been observed in cells in which the prophase pathway has been
compromised. Second, the ﬁdelity of chromosome segregation may
get improved by the resolution of the sister chromatids during pro-
phase because sister chromatid resolution can favor the directionality
of the topoisomerase driven reaction towards decatenation, which
unwinds the intermingling of the sister chromatids. Third, as pro-
phase pathway removes cohesin from chromosomes without cleav-
ing any of the subunit of cohesin, it spares cohesin from destruction
by separase. As a result, vertebrate cells exit mitosis with almost
unchanged pool of intact cohesin complexes, which can be reloaded
on chromatin after the formation of nuclear envelope (reviewed in
[149]). This role of prophase pathway may be of great physiological
signiﬁcance because it has been observed recently that cohesin has
important effects on gene regulation in G1 phase, i.e. before cohesion
establishment [63].
The nature of cohesin loaded all along the chromosome is identi-
cal. Therefore, how the cohesin at the centromere and at the
pericentromere escape the prophase pathway induced cohesin dis-
sociation? It has been demonstrated that in Sgo1 depleted cells this
centromeric/pericentromeric cohesin dissociates at the time of
prometaphase [155–158]. Thus, Sgo1 is believed to be the protector
of centromeric/pericentromeric cohesin from prophase pathway
(Fig. 5A). To explain the mechanism it has been shown that Sgo1
physically interacts with a phosphatase called PP2A and recruits PP2A
at the centromere. Furthermore, Sgo1-PP2A complex is able to dephos-
phorylate the SA2 subunit of cohesin complex in vitro [159]. Thus,
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meric cohesin from prophase pathway perhaps by recruiting PP2A at
the centromere, which keeps cohesin dephosphorylated to avoid its
dissociation [159–161]. Interestingly, the role of Sgo1 has also been im-
plicated at the chromosomal arm as well. Prolonged arrest at meta-
phase by using microtubule poisons results in complete opening of
the chromosome arms. Earlier notion was that due to continuous activ-
ity of prophase pathway, complete loss of cohesin occurs at the chro-
mosome arms which lead to complete opening of the arms [145]. But,
recently it has been shown that cleavage of Scc1/Mcd1/Rad21 by trace
amount of separase activity is essential for this phenomenon [73,162].
However, the requirement of separase activity in chromosome arm
opening can be avoided in Sgo1 depleted cells, suggesting Sgo1 protects
cohesin on chromosome arms during early stages of mitosis [162].
To support this notion, several sets of evidence also suggest the role
of Sgo1 in stabilizing arm cohesion. For example, Sgo1 depletion in
human cells arrested at metaphase show the absence of cohesin at
the arm region of the chromosome [162]. A real time analysis ofﬂuores-
cently labeled sister rDNA arrays showed the role of Sgo1 in controlling
cohesion at these loci in budding yeast [163]. Depletion of Sgo1 from
Xenopus egg extracts show an accelerated release of cohesin from chro-
mosomal arm region, producing ‘hyper-resolved’ chromosomes having
more distantly positioned sister chromatids than the normal [148].
Furthermore, depletion of Sgo1 from Xenopus egg extract makes Plk1
dispensable for the arm resolution process, suggesting that one of the
key functions of Plk1 may be to antagonize Sgo1's action along the
arms. Although the functional relationship between Sgo1 and Plk1 at
the arms is almost similar to that of at the centromeres, the action of
Sgo1 along arms may be independent of PP2A because PP2A is not lo-
calized to the chromosome arms [148].
As a matter of similitude, haspin, a histone H3-Thr 3 kinase, is re-
quired for persistence of cohesin at mitotic centromeres, although it
doesn't play any role in recruiting Sgo1 at the centromeres. Moreover,
over expression of haspin prevents dissociation of cohesin from the
chromosome arms [164]. Thus, it is possible that haspin negatively
regulates the prophase pathway at centromeres. Another key player
for cohesin dissociation during prophase is Aurora B kinase, even
though it does not phosphorylate any of the cohesin subunit in vitro
[143,145]. Thus, it is possible that Aurora B is indirectly required for
cohesin dissociation by regulating other proteins. There are two such
candidates, condensin I and Sgo1, whose binding to chromosomes de-
pends on Aurora B [165], but it is not clear whether condensin I and
Sgo1 are the only target of Aurora B in the context of prophase path-
way of cohesin dissociation. Another interesting ﬁnding which can
give possible explanation for the role of Aurora B in cohesin release
may be the association of Sgo1 with chromosome passenger complex
(CPC), made up of Aurora B, INCENP and Survivin. Studies on Xenopus
egg extracts have shown that the subchromosomal localization of
Sgo1 and CPC is inter-dependent [148,166]. Thus, it is possible that
the CPC enriches Sgo1 at the centromere rather than at the arm region
and therefore promotes cohesin dissociation from the arm, not from
the centromere during prophase pathway.
Apart from the prophase pathway, centromeric/pericentromeric
cohesin in higher eukaryotes and bulk of the cohesin in yeast is re-
moved from the chromatin during metaphase to anaphase transition
due to cleavage of cohesin's kleisin subunit by separase. Till the
onset of anaphase, the activity of separase, enzyme that cleaves
Scc1/Mcd1/Rad21, is inhibited by its physical associationwith securin.
In vertebrate cells, separase is inhibited additionally by Cdk1mediated
phosphorylation and by physical binding to Cdk1's cyclin B subunit
(reviewed in [79,167]) [168]. Once the sister kinetochores are bio-
riented on mitotic spindles, the spindle checkpoint is inactivated
resulting activation of APC/C by its activator Cdc20. Activated APC/
CCdc20 leads to ubiquitin mediated degradation of its substrates
securin and cyclin B, the activating subunit of Cdk1 rendering separase
free and active. Activated separase cleaves Scc1/Mcd1/Rad21 subunitof cohesin complex at two sites and leads to dissociation of cohesin
from the chromosomes and separation of sister chromatids. Scc1/
Mcd1/Rad21 again re-accumulates at the end of G1 phase of the next
cell cycle as APC/C becomes inactivated by that time.
A biphasic removal of cohesin from the chromatin similar to what
is observed in higher eukaryotes occurs during meiotic cell division.
In meiosis, Rec8 replaces Scc1 in the cohesin complex and thus the
degradation of Rec8 is essential for the separation of sister chroma-
tids. The biological cue that leads to cleavage of Rec8 during meiosis
is similar to the cleavage of Scc1 in mitosis. However, Rec8 and
hence cohesin is removed from the chromatin in two steps in meiosis
(Fig. 5D). At meiosis I, Rec8 at the chromosomal arm is degraded but
is protected at the centromere and at the pericentromere through
targeted localization of Sgo1/PP2A at this region. Recently, it has
been demonstrated that phosphorylation of histone 2A by Bub1
kinase is instrumental in this targeting [169]. The centromeric/
pericentromeric cohesin eventually degraded during meiosis II that
results in separation of the sister chromatids. Although protection of
Rec8 mediated centromeric cohesion in meiosis I and in higher eu-
karyotes Scc1 mediated centromeric cohesion protection during pro-
phase pathway are both provided by Sgo1/PP2A function, ectopic
expression of Scc1 in meiosis I cannot provide this protection [170].
This result suggests that the structural differences between Rec8
and Scc1 may be important factor in providing cell cycle speciﬁc func-
tions. Regardless of the kleisin subunit involved, dephosphorylation
of cohesin subunits by PP2A may be a uniﬁed theme to protect
cohesin from separase cleavage. To support this notion, experimental
evidence suggests that SA2 dephosphorylation prevents cohesin dis-
sociation in mitosis and Rec8 dephosphorylation reduces cohesin
cleavage by separase in meiosis [171]. Nevertheless, experimental ev-
idence that nonphosphorylatable Rec8 cannot be protected from
separase cleavage in absence of Sgo1 [171] and involvement of Sgo1
in protecting arm cohesion (discussed above) argues for existence
of an Sgo1 dependent but PP2A independent pathway of cohesin pro-
tection both in mitosis and meiosis.
Knowledge pertaining the roles of kinase, phosphatase and prote-
ase in regulation of cohesin removal from the chromatin has been
further enriched. Pati and co-workers have recently reported the
role of Calpain-1, a calcium dependent cysteine endopeptidase, in
cleavage of Rad21 (Scc1) in humans [172]. Calpain-1 was found to
cleave Rad21 at L192 position leading to separation of chromosomal
arms, which coincides with a calcium induced partial loss of cohesin
at several chromosomal loci. Thus, a novel function of calpain-1 de-
scribes an additional pathway for removal of sister chromatid cohe-
sion in humans [172]. Additionally, a novel cohesin binding protein,
Ssu72, a phosphatase by action, has been identiﬁed which is capable
of regulating cohesion between sister chromatid arms in humans
[173]. Ssu72 directly interacts with Rad21 and SA2 in vitro and
in vivo. Depletion or mutational inactivation of Ssu72 phosphatase ac-
tivity causes the premature resolution of arm cohesion, whereas the
elevated levels of Ssu72 results in high resistance to this resolution
phenomenon. Interestingly, Ssu72 is found to regulate the resolution
of arm cohesion, but not the centromeric cohesion which may be due
to the presence of Ssu72 antagonistic factor in the form of unique
chromatin or protein at the centromere [173].
For the last few years it has been demonstrated that the regulation
of cohesin assembly and disassembly can be controlled through differ-
ent types of posttranslational modiﬁcations (PTMs) of not only the
core subunits but also of the cohesin associated proteins (Table 2).
In general, it has been observed that acetylation is largely associated
with cohesion establishment whereas phosphorylation is involved
both in positive and negative regulation of cohesion. Sumoylation
and ubiquitylation on the other hand have shown their roles rather
in cohesin releasing network. Further discoveries of some more
PTMs of cohesin and its associated proteins may likely to provide
more mechanistic insight of the cohesin biology.
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Cohesin subunits Smc1 and Smc3 have also been identiﬁed as a
part of a recombination complex puriﬁed from bovine thymic cells
[174,175]. This complex, known as RC-1, contains DNA polymerase ε,
DNA ligase III, and an endonuclease in addition to Smc1 and Smc3.
Smc1 and Smc3 related proteins are also found in other protein
complexes. All of these proteins show the functional resemblance in
interacting with chromatin and are involved in various aspects of
chromosome structure and segregation (reviewed in [176]). Eukary-
otic cells contain four additional SMC proteins, namely Smc2, Smc4,
Smc5 and Smc6 (for review, see [41]). Condensin I and condensin II,
made up of Smc2 and Smc4 heterodimers (Fig. 6), are involvedmainly
in chromosome condensation and segregation. Each of these SMC
complexes generally contains two SMC subunits and three unique
non-SMC proteins: a kleisin subunit and two HEAT repeat proteins.
The composition of condensin and its allied proteins is remarkably
similar to the composition of cohesin complexes that are associated
with Wapl and Pds5 proteins (HEAT repeat proteins). Other two eu-
karyotic SMCs, Smc5 and Smc6, responsible for DNA damage repair
and faithful chromosome segregation, are assembled into a separate
complex together with six non-SMC elements, Nse1-6. (Fig. 6). Addi-
tionally, Rad60 binds loosely to the Smc5/6 complex which is required
for DNA repair and for the other essential functions of Smc5/6 com-
plex. Nse4 resembles a kleisin subunit which bridges Smc heads.
Organisms like Drosophila and C. elegance posses a specialized con-
densin like complex which regulates dosage compensation. The core
of this complex is made up of canonical Smc2 and a Smc4 variant
(DPY27), whereas the role of kleisin is played by DPY26. DPY28 is a
HEAT repeat protein (Fig. 6). As a matter of similitude, MRN complex
(Mre11–Rad50–Nbs1) shares similar features to other SMC complexes,Smc3 Smc1
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Fig. 6. Cohesin like protein complexes. Majority of the cohesin like complexes harbor the b
teins. Smc subunits and kleisin subunits are considered as a core part of the respective com
weak binding ability to kleisin subunit. The Mre11–Rad50–Nbs1 (MRN) complex shares sim
units. Dosage compensation complex of Drosophila also forms ring shaped structure like otbut the hinge is replaced by a zinc hook, a specialized interaction do-
main (Fig. 6). Evolutionary evidence suggests that the SMC complexes
are distantly related to the Rad50 complex and to various bacterial com-
plexes that are involved in condensation and chromosome segregation.
In support of this, SMC complexes have also been found in bacteria,
where a single SMC protein assembles into a homodimer that can asso-
ciatewith a kleisin subunit (Fig. 6) [29,31,177–179]. These trimeric pro-
teins have important role in organizing DNA in the formation of
nucleoids in bacteria and also in bacterial chromosome segregation.
The evidence of presence of SMC complexes in prokaryotes concludes
that these proteins have existed even before histones, and they are in-
volved in organization of DNA even before the nucleosome (histones)
mediated DNA organization. Thus formation of cohesin like complexes
with SMC and non-SMC proteins to tether distant DNA loci required
for different biological functions may be a well conserved tool.
9. Future directions
Sustained research in the ﬁeld of cohesin biology since the last
15 years has upheld cohesin as one of the pivots to maintain genomic
integrity. Many questions about the structural organization of cohesin
and its functional mechanisms in various organisms have been an-
swered. Nevertheless, still some gray areas persist that remain to be
addressed for the thorough understanding of the underlying mecha-
nisms. Novel scientiﬁc approaches are needed to be be put forward
for addressing those gray areas. For instance, there are multiple
ways by which cohesin can hold the sister chromatids together, but
the experimental evidence suggest the existence of either one ring
embrace model or two rings handcuff model. To resolve such dubious
situation, it is extremely essential to look forward for some novel
approaches by which the actual conformation of cohesin–chromatinN
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strate the existence of either one ring embrace model or two rings
handcuff model or both. Another interesting area would be to delin-
eate the structural alterations, if any, in cohesin ring between its
cohesive and non-cohesive states. It is tempting to know the differ-
ence between weakly and stably bound cohesin at the molecular
level and how Ctf7/Eco1 mediated acetylation of cohesin subunits
can promote stably bound state and hence cohesion establishment.
The notion that Scc2/Scc4 is simply a cohesin loader is under chal-
lenge [90]. It would be interesting to know if this loader complex
has any downstream role in maintaining a stably bound cohesin com-
plex and the mechanism involved. From the current scenario of
cohesin research among different organisms, it is very clear that the
sites of cohesin accumulation along the chromosome with respect
to the ORFs vary among the eukaryotes. Thus, it is exciting to know
how the cohesin machineries interact with the transcription appara-
tus in different model systems so that in one case the positioning of
cohesin is not destructed by act of transcription whereas in other
case it is. Another intriguing area is to unravel the evolutionary signif-
icance of having two different kleisin subunits dedicated for mitotic
and meiotic modes of the cell cycle. Although primary function of
Scc1/Mcd1/Rad21 cohesin and Rec8 cohesin is to generate SCC, they
cannot functionally replace each other completely to give faithful
chromosome segregation. For instance, ectopic expression of Scc1
can support the mono-orientation of the sister kinetochore but it can-
not protect the centromeric cohesin during meiosis I whereas Scc1
can be replaced with Rec8 during mitosis at least at lower tempera-
tures [180]. How the structural differences between these two
kleisins help them to interact with the mitotic and meiotic speciﬁc
proteins needs to be addressed. Furthermore, given the structural dif-
ference, whether Scc1/Mcd1/Rad21 cohesin and Rec8 cohesin hold
sister chromatids in a similar way need to be demonstrated. Thus,
as the retrospective view of cohesin research is very promising; com-
ing years researchers equipped with more modern technologies will
also be engaged in extensive studies in enlightening the issues out-
lined above.
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